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Abstract We propose here that the Atlantic meridional overturning circulation (AMOC) plays an
important role in setting the eﬀective heat capacity of the World Ocean and thus impacts the pace of
transient climate change. The depth and strength of AMOC are shown to be strongly correlated with the
depth of heat storage across a suite of state-of-the-art general circulation models (GCMs). In those models
with a deeper and stronger AMOC, a smaller portion of the heat anomaly remains in the ocean mixed
layer, and consequently, the surface temperature response is delayed. Representations of AMOC diﬀer
vastly across the GCMs, providing a major source of intermodel spread in the sea surface temperature (SST)
response. A two-layer model ﬁt to the GCMs is used to demonstrate that the intermodel spread in SSTs
due to variations in the ocean’s eﬀective heat capacity is signiﬁcant but smaller than the spread due to
climate feedbacks.
1. Introduction
Forced with greenhouse gases (GHGs), the climate system adjusts toward a new equilibrium on various time
scales: ultrafast responses in the stratosphere and troposphere (days and weeks), fast responses of the land
surface and the ocean’s mixed layer (months and years), and a long-term adjustment of the deeper ocean
(decades to millennia) [e.g., Gregory, 2000; Stouﬀer, 2004; Gregory and Webb, 2008; Held et al., 2010; Andrews
et al., 2012]. The ocean response time scales depend not only on the rate at which energy is absorbed at
the sea surface (the net ocean heat uptake) but also on the eﬃciency with which that energy is transported
away from the surface and into the ocean interior [e.g., Hansen et al., 1985]. While early ocean models rep-
resented the downward propagation of the warming signal as a diﬀusive [e.g., Hansen et al., 1985] or an
upwelling-diﬀusive process [e.g., Hoﬀert et al., 1980;Wigley and Raper, 1987; Raper and Cubasch, 1996], mod-
ern general circulation models (GCMs) reveal a variety of important vertical heat transport processes at
work, such as stirring along sloped isopycnals and advection by the mean ocean circulation [e.g., Gregory,
2000]. Moreover, analyses suggest that diﬀerences in ocean heat uptake may play an important role for
the large intermodel spread in simulated warming [Raper et al., 2002; Boé et al., 2009; Hansen et al., 2011;
Kuhlbrodt and Gregory, 2012; Geoﬀroy et al., 2013a, 2013b]. Thus, key questions are as follows: what physi-
cal processes regulate the depth of ocean heat storage, and to what extent do they inﬂuence the surface
climate response to GHG forcing?
We investigate these questions within the suite of state-of-the-art GCMs participating in the Coupled Model
Intercomparison Project phase 5 (CMIP5) [Taylor et al., 2012]. In particular, we analyze standardized simula-
tions in which the atmospheric concentration of CO2 is instantaneously quadrupled (4 × CO2) from its initial
preindustrial value and then held ﬁxed, providing a source of constant forcing for the climate system. In
response to this idealized GHG perturbation, heat is taken up by the World Ocean. Part of the excess thermal
energy remains in the topmost (∼100 m deep) mixed layer of the ocean, and sea surface temperatures (SSTs)
rise (Figure 1a). A substantial amount of heat also penetrates well below the mixed layer, but the vertical
distribution of warming diﬀers considerably across models (Figure 1b).
Here we propose that the upper cell of the Atlantic meridional overturning circulation (AMOC) is central to
transporting and redistributing thermal energy to depth, thus regulating the eﬀective heat capacity of the
ocean under global warming. Moreover, we show that CMIP5 models diﬀer substantially in their representa-
tion of the strength and depth of the AMOC and that this diversity largely accounts for the variability in the
vertical distribution of ocean heat storage shown in Figure 1b.
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Figure 1. (a) Area-averaged SST anomaly in CMIP5 4 × CO2 simulations ; (b) Vertical distribution of the ocean heat
anomaly in CMIP5 models, averaged over the World Ocean, 100 years after the CO2 quadrupling; (c) SST response
under model-speciﬁc feedback and forcing (𝜆o , o), but ensemble-mean ocean properties (q, h2, 𝜀), as simulated by the
two-layer ocean energy balance model (EBM) (see section 3); (d) SST response under model-speciﬁc ocean properties
(q, h2, 𝜀) but ensemble-mean feedback and forcing (𝜆o , o), as simulated by the two-layer ocean EBM (see section 3). The
eight CMIP5 models included here are those for which suﬃcient output was accessible at the time of our analysis (ocean
temperature, sea surface heat ﬂux, and AMOC data).
To assess the inﬂuence of the eﬀective ocean heat capacity on the surface climate response to forcing, we
introduce a two-layer energy balance model, similar in form to that developed in Gregory [2000] and Held
et al. [2010]. Such models have successfully reproduced the global temperature response in a wide range
of GCMs [e.g., Gregory, 2000; Held et al., 2010; Li et al., 2012; Geoﬀroy et al., 2012, 2013a, 2013b]. We similarly
ﬁt our two-layer model to global SSTs from 4×CO2 simulations, but we extend our analysis to interpret
the model parameters in terms of physical processes. In particular, we ﬁnd that the calibrated ocean heat
capacity and rate of heat sequestration into the ocean interior are strongly correlated with the depth of heat
penetration within the coupled GCMs, which, in turn, appears to be regulated by the vertical extent and
strength of the AMOC cell. Finally, we use the two-layer ocean model to quantify the relative contributions
of eﬀective ocean heat capacity and climate feedbacks to the intermodel spread in SST response to forcing.
2. AMOC andOceanHeat Storage
In order to evaluate the ocean’s role in transient climate change, we analyze the relationship between
warming at the sea surface and the distribution of stored heat with depth (see Figure S1 in the support-
ing information for the relationship between warming over land and ocean domains). We compute the
area-averaged SST (≡ T1) and sea surface heat ﬂux (≡ No) anomalies over the global ocean by subtracting
the linear trend of the preindustrial control from each corresponding 4×CO2 simulation. This eliminates
unforced drift without adding noise [Andrews et al., 2012]. Figure 1a shows the notable spread in transient
SST responses across the ensemble of GCMs.
The rate of net ocean heat uptake No is deﬁned as positive into the ocean and includes net shortwave and
longwave radiation, as well as latent and sensible heat ﬂuxes at the air-sea interface. Following CO2 quadru-
pling, No is initially on the order of 10 W m
−2 (Table S1) and decreases as the climate evolves toward a new
equilibrium. The heat anomaly is initially concentrated in the ocean mixed layer but, over time, penetrates to
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Figure 2. Zonal mean potential temperature anomaly in the World Ocean; 30 year average centered 100 years after
4×CO2. The magenta dash-dotted line marks the average depth above which 80% of the heat anomaly is contained.
Overlayed contours mark the upper overturning cell of the AMOC (Sv) between 35◦S and the Arctic Circle (temporal
average over the 150 year 4×CO2 simulation; contour lines are 5 Sv apart, with an outermost contour at 0 Sv). The green
dashed line denotes the uniform metric for the downward extent, DAMOC, of the upper overturning cell. CMIP5 mod-
els: (a) ACCESS1-0, (b) CCSM4, (c) CNRM-CM5, (d) GFDL-ESM2M, (e) GFDL-CM3, (f ) MPI-ESM-LR, (g) MRI-CGCM3, and
(h) NorESM1-M.
ever increasing depth. A century after CO2 quadrupling, warming can be seen at depths of several kilome-
ters (Figure 2), but there exists a substantial intermodel spread. Indeed, Figure 1b shows that a large fraction
of global ocean warming occurs below 1 km in some models (e.g., about 40% for NorESM1-M), while rela-
tively little warming occurs below this depth in others (e.g., about 10% for CNRM-CM5). We deﬁne a metric
for heat penetration, D80%, as the depth above which 80% of the total global heat content anomaly is con-
tained after one century. D80% varies considerably across models (Figure 2, horizontal magenta lines), with
NorESM1-M (D80% = 1.8 km) and CNRM-CM5 (D80% = 0.8 km) as end members.
Various heat transport processes contribute to the distribution of heat storage with depth [e.g., Gregory,
2000]. Here we propose that the intermodel spread can be largely understood in terms of the diﬀerent rep-
resentations of AMOC among the GCMs. The overturning circulation aﬀects vertical heat storage via two
main mechanisms: ventilation of the ocean to depth of several km; and redistribution of the background
heat content as the AMOC itself changes in response to surface wind and buoyancy forcing [e.g., Xie and
Vallis, 2011;Winton et al., 2013; Rugenstein et al., 2013] (see supporting information).
To assess the overall impact of the AMOC, we consider its temporal average over the course of the 4 × CO2
simulations. The volume overturning stream functions in the Atlantic-Arctic Basin of each model are shown
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Figure 3. (a) Correlation between D80% and DAMOC (R = 0.93, p value p < 0.01); (b) Correlation between DAMOC and
MAMOC (R = 0.92, p value p < 0.01).
in Figure 2. We deﬁne a metric for the vertical extent of the upper AMOC cell (≡ DAMOC) as the average
depth of the 5 and 10 Sv streamlines in the Atlantic Ocean north of the 35◦S parallel (Figure 2, horizontal
green lines). DAMOC varies from 0.5 km (CNRM-CM5) to 1.8 km (NorESM1-M) and is highly correlated (R=0.93)
with the depth of heat penetration D80% across the models (Figures 2 and 3a). DAMOC also scales with the
maximum of the stream function (≡ MAMOC; see Figure 3b). This result suggests that the propagation of
the heat anomaly at depth may be linked both to the vertical extent and to the rate of overturning of the
upper AMOC cell. The correlation between DAMOC and MAMOC themselves implies that stronger cells also
tend to ventilate greater depths, but we acknowledge that this relationship may be intrinsic to our deﬁ-
nition of DAMOC. Note that these results are robust with respect to diﬀerent deﬁnitions of DAMOC and D80%
(see supporting information).
The important role of AMOC in setting the depth of ocean heat storage becomes clear when we consider
the model-mean pattern of the net surface heat ﬂux anomaly (Figure 4a). Surface heat uptake between 35◦N
and 70◦N in the North Atlantic accounts for almost half of the net uptake by the World Ocean. Moreover,
the horizontal pattern of anomalous heat distribution at intermediate depths suggests advection of heat
along the AMOC cell. We see that the temperature anomaly at a depth of 1 km is particularly large along
the Western Boundary of the Atlantic Ocean and appears to propagate from north to south over time along
the lower limb of the upper AMOC cell (Figures 4b and 4c). In contrast, the Paciﬁc and Indian Oceans do not
show large heat anomalies at the same depth.
These results suggest that the AMOC plays a large role in setting the vertical distribution of the global ocean
heat anomaly. We next assess the extent to which AMOC accounts for intermodel variability in the ocean’s
eﬀective heat capacity as diagnosed from the transient SST response to forcing.
3. OceanHeat Storage and SST Response
We ﬁt an idealized two-layer ocean energy balance model (EBM) to the SST and the sea surface heat ﬂux
anomalies from each CMIP5 GCM. The two layers in the EBM broadly represent the mixed layer and deeper
ocean, with respective temperature anomalies T1 and T2. Similar two-layer models have been studied exten-
sively and shown to successfully capture the response of coupled GCMs [e.g., Gregory, 2000; Held et al.,
2010; Geoﬀroy et al., 2012, 2013a, 2013b]. However, unlike previous applications of this EBM, we attempt to
understand the idealized model in terms of key oceanic processes and mechanisms that aﬀect the transient
climate response. We thus treat land and the atmosphere as external to our system and formulate the model
as follows.
The temperature anomalies in the two ocean layers, T1 and T2, evolve according to
cw𝜌0h1
dT1
dt
= o − 𝜆oT1 − 𝜀q(T1 − T2), (1)
cw𝜌0h2
dT2
dt
= q(T1 − T2), (2)
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Figure 4. (a) CMIP5 4 × CO2 ensemble mean of (a) net heat ﬂux anomaly
at the ocean surface (30 year average centered on year 100); (b) potential
temperature anomaly at depth 1000 m (30 year average centered on year
15); (c) potential temperature anomaly at depth 1000 m (30 year average
centered on year 100).
where cw and 𝜌0 are the speciﬁc
heat and the reference density of sea
water, respectively; h1 and h2 are the
thicknesses of the two ocean layers;
𝜆o (units: Wm
−2 K−1) is a climate feed-
back parameter relating the surface
heat ﬂux to the SST; and the term
q(T1 − T2) (units: W m−2) represents
the rate of heat exchange between
the mixed layer and deep ocean;
parameter 𝜀 is discussed below. When
atmospheric CO2 is abruptly quadru-
pled, the upper ocean layer is forced
with an energy ﬂux o(t) approx-
imated as a step function (units:
W m−2). o includes a contribution
from heat exchange between the
land and the ocean domain and
therefore should be interpreted as an
eﬀective forcing on the ocean surface
(see supporting information).
Within the GCMs the pattern of sea
surface heat uptake is not geograph-
ically uniform (e.g., Figure 4a) and
evolves in time as the ocean warms.
Moreover, the climate feedbacks,
which set the SST damping rate, are
sensitive to the pattern of ocean heat
uptake, and thus a diﬀerent set of
feedbacks are in operation at vari-
ous stages of the climate response to forcing [Winton et al., 2010; Armour et al., 2013; Rose et al., 2014]. To
account for this eﬀect within our idealized, global ocean model, we include a nondimensional “eﬃcacy”
factor 𝜀∼(1) in equation (1), following Held et al. [2010]. A time-invariant 𝜀 is able to capture much of
the nonlinear relationship between the surface heat ﬂux and the SST found in the GCMs (see supporting
information). Hence, we interpret 𝜆o as a time-invariant feedback that represents the relationship between
equilibrium warming and forcing: Teq = o∕𝜆o.
The net sea surface heat ﬂux No is equal to the total heat content change in the two ocean layers (the sum of
equations (1) and (2)):
No = o − 𝜆oT1 − (𝜀 − 1)q(T1 − T2) (3)
This budget provides a constraint for calibrating the idealized two-layer system to the GCMs. For simplicity,
we prescribe a mixed layer depth of h1 = 100 m. We thus have ﬁve free model parameters to ﬁt: o, 𝜆o, 𝜀, q,
and h2. Finally, the total EBM depth scale is the sum of the two layer thicknesses: H = h1 + h2.
We then deﬁne the rescaled variables q′ = 𝜀q and h′2 = 𝜀h2 to simplify equations (1) and (2) as follows:
cw𝜌0h1
dT1
dt
= o − 𝜆oT1 − q′(T1 − T2) (4)
cw𝜌0h
′
2
dT2
dt
= q′(T1 − T2). (5)
This new system of equations has an analytical solution for the evolution of the SST anomaly T1 in response
to step forcing:
T1(t) = Teq − TFe−𝜎1t − (Teq − TF)e−𝜎2t. (6)
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The SST anomaly approaches the equilibrium value Teq = o∕𝜆o on two exponential time scales: a fast
(1∕𝜎1) and a slow (1∕𝜎2) time scale of response [Held et al., 2010]. We can expand the rates 𝜎1 and 𝜎2 in terms
of a nondimensional ratio of layer thicknesses, r = h1∕h′2 = h1∕(𝜀h2) ≪ 1 to express
𝜎1 =
𝜆o
c1
[
1 + q
′
𝜆o
+ q
′2
𝜆o(𝜆o + q′)
r + (r2)
]
≈
𝜆o + q′
c1
(7)
𝜎2 =
𝜆o
c1
[
q′
(𝜆o + q′)
r + (r2)
]
≈ 1
c1
(
𝜆oq
′r
𝜆o + q′
)
, (8)
where c1 = cw𝜌0h1 is the constant heat capacity of the upper ocean layer. The fast SST response TF is
the fraction of the temperature anomaly that the ocean surface reaches on a time scale 1∕𝜎1 and can be
expressed as
TF =
o
𝜆o
[
𝜆o
𝜆o + q′
−
2𝜆oq
′2
(q′ + 𝜆o)3
r + (r2)
]
≈
o
𝜆o + q′
. (9)
Beyond the fast response, the equilibrium warming Teq is approached much more slowly because h2 is
typically an order of magnitude larger than h1.
We calibrate the EBM parameters iteratively in a manner similar to the tuning procedure outlined by
Geoﬀroy et al. [2013b] (see supporting information for details). We ﬁt the analytical solution for the upper
layer temperature (6) to the area-averaged SST anomaly T1 in each GCM, and we constrain equation (3) with
the sea surface heat ﬂux anomaly No. This allows us to calibrate our ﬁve free parameters. Convergence is
achieved after a small number of iterations, and we are able to accurately reproduce the response of each
GCM with the EBM (see Figure S2 in the supporting information and a summary of parameter values in
Table S1).
Our estimate for the depth scale H across the calibrated two-layer EBMs is of the correct magnitude and cor-
relates strongly (R = 0.79) with the depth of heat penetration D80% as diagnosed within the CMIP5 models
(Figure 5a). As could be anticipated from the close relationship between D80% and the AMOC depth met-
ric DAMOC identiﬁed previously (Figure 3a), H is also strongly correlated (R = 0.87) with DAMOC (Figure 5b).
We previously pointed out (Figure 3b) a strong connection between DAMOC and the AMOC stream function
maximum,MAMOC, which regulates the rate of heat transport from the mixed layer into the ocean interior.
Likewise, the analogous parameter in the two-layer EBM, q, is found to be strongly correlated with both H
(R = 0.89) and MAMOC (R = 0.84); see Figures 5c and 5d and Table S2 in the supporting information. Our
parameter correlations are not sensitive to the choice of h1 = 100 m and are reproduced if we allow h1 to
vary across models. Remarkably, this simple two-layer ocean model, constrained only by SST and surface
heat ﬂuxes, captures essential features of the intermodel spread in ocean circulation and heat storage found
within the ensemble of coupled GCMs.
In agreement with Geoﬀroy et al. [2013b], who perform a similar EBM calibration, we see that most of
the spread in the equilibrium temperature Teq comes from intermodel variability in the feedbacks 𝜆o, as
opposed to o (Figure 5e). However, in contrast to our results, Geoﬀroy et al. [2013b] ﬁnd a small nega-
tive correlation between H and q. We suggest that this is due to methodological diﬀerences. In particular,
Geoﬀroy et al. [2013b] include the ocean mixed layer, the atmosphere, and the land domain in the upper
layer of the EBM, while here we have focused on the ocean domain. We also note that we ﬁnd a signiﬁcant
correlation (R = 0.81) between 𝜀 and q (Figure 5f ), which may reﬂect the complex relationship between
eﬃcacy and the ocean circulation that sets the evolving pattern of surface heat uptake.
We take the remarkable consistencies between coupled GCMs and calibrated EBMs as evidence that the
two-layer parameters can be understood in terms of ocean properties (i.e., strength and depth of the
AMOC). This further implies that the two-layer calibration produces results that are physically meaningful.
We can thus use the EBM to gain insight into the role of AMOC in transient climate change. For example, a
deep and strong AMOC results in a deep penetration of the temperature signal. Within the two-layer EBM,
this is represented by a thick layer h2 and a high rate of heat exchange between the mixed layer and the
deep ocean, setting a large eﬀective ocean heat capacity and delaying the SST response to forcing. Such
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Figure 5. Correlations among GCM variables and calibrated EBM parameters with correlation coeﬃcients R and p values
p (a) D80% and H, (R = 0.79, p < 0.03); (b) H and DAMOC (R = 0.87, p < 0.01); (c) q and MAMOC (R = 0.84, p < 0.01); (d) H
and q (R = 0.89, p < 0.01); (e) Teq and 𝜆o (R = −0.94, p < 0.01); and (f ) 𝜀 and q (R = 0.81, p < 0.01).
is the case for NorESM1-M, which has the thickest h2 and the largest q (Table S1) and exhibits very slow
warming following CO2 quadrupling (Figure 1a).
We can also apply the two-layer EBM to quantify the relative roles of ocean processes and climate feedbacks
in setting the intermodel spread in climate response. We separate the parameters into two groups: those
related to the ocean circulation (q, h2, and 𝜀) and those related only to the equilibrium warming (𝜆o and o).
We point out that 𝜀 cannot be described simply as an ocean parameter because it depends on the inter-
action between regional ocean circulations and atmospheric feedbacks [Armour et al., 2013;Winton et al.,
2010; Rose et al., 2014]. However, q, h2, and 𝜀 are strongly correlated with each other but not signiﬁcantly
correlated with 𝜆o and o (Table S2). Hence, in the context of intermodel spread, we treat 𝜀 as a parameter
linked to the ocean circulation. We run the two-layer EBM once again, with o and 𝜆o speciﬁed to the values
we diagnosed from each individual GCM calibration, but with q, h2, and 𝜀, ﬁxed to ensemble-mean values
(Figure 1c). Together, variations in 𝜆o and o appear to account for a substantial portion of the intermodel
spread in SST response seen in Figure 1a, consistent with the ﬁndings of Geoﬀroy et al. [2012].
Nevertheless, variations in q, h2, and 𝜀must be taken into account to obtain the full spread of climate
responses in CMIP5. The role of the ocean is particularly important within models that exhibit notably shal-
low or deep penetration of heat. For example, comparing Figures 1a and 1c, we see that the SST responses
of CNRM-CM5 (weakest AMOC and shallowest heat storage) and NorESM1-M (strongest AMOC and deepest
heat storage) are not well reproduced by the EBM under variations in feedbacks alone: SST is underesti-
mated for CNRM-CM5 and overestimated for NorESM1-M. Running the two-layer EBM with GCM-speciﬁc
q, h2, and 𝜀, but with ensemble-mean 𝜆o and o, shows that ocean processes are indeed essential to under-
standing the behavior of individual models (Figure 1d) and that variations can yield an SST range of order
∼ 1◦C after several decades. However, this spread is smaller than the spread due to feedbacks and forcing
(Figure 1c) and also smaller than the intermodel diﬀerences in the CMIP5 responses (Figure 1a).
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These results suggest that although feedbacks 𝜆o set much of the intermodel variability in the SST response,
the ocean circulation plays an important role as well. That is, even if each GCM was governed by the same
climate feedback, diﬀerences in ocean processes would still yield a notable range of SST responses. Within
the two-layer EBM framework, these ocean diﬀerences can be understood in terms of an eﬀective ocean
heat capacity (set by h2 and q) and an eﬃcacy of heat uptake 𝜀. Within the ensemble of GCMs, diﬀerences in
the eﬀective heat capacity can be understood in terms of variations in the depth of heat storage, which in
turn reﬂects the depth and strength of the AMOC.
4. Discussion and Conclusions
We have identiﬁed an important role of the upper AMOC cell for regulating heat storage in the World
Ocean as represented in an ensemble of state-of-the-art models. Our analysis of CMIP5 GCMs reveals that
the AMOC is a major source of intermodel variability in the ocean’s eﬀective heat capacity and in the rate
at which the heat anomaly is exported from the mixed layer downward (see Medhaug and Furevik [2011]
for AMOC variability across CMIP3 models). Models with a deeper and stronger overturning circulation
store more heat at intermediate depths, which delays the surface temperature response on multidecadal
time scales.
We note the possibility that other vertical heat transport processes could be correlated with the strength
and depth of the AMOC and thus would be neglected in our analysis. However, we have found that a sub-
stantial portion of the global ocean heat uptake occurs within a relatively small region in the North Atlantic
and that anomalous heat is advected to depth along the upper AMOC cell. The AMOC can thus be expected
to strongly inﬂuence the depth of global heat penetration. Several studies [e.g., Xie and Vallis, 2011;Winton
et al., 2013; Rugenstein et al., 2013] have found that weakening of the AMOC can also substantially aﬀect the
depth of heat penetration through the redistribution of the background heat content. While changes in
AMOC do occur within the CMIP5 GCMs under 4 × CO2 forcing, we ﬁnd no signiﬁcant correlations between
the magnitudes of the AMOC weakening or shoaling and the depth of heat storage across the ensemble
(see supporting information). Thus, the diversity of AMOC strengths and depths across models appears to
be the larger source of intermodel spread in the depth of heat penetration.
To quantify the relative inﬂuence of ocean processes versus climate feedbacks in setting the spread of
CMIP5 temperature responses, we have employed a simple two-layer ocean model calibrated to each GCM.
While much of the intermodel spread is attributed to feedback variations, ocean parameters are found to be
important as well, and critical to the response of those models with very deep (or shallow) AMOC cells.
Our results have implications for understanding the climate response to greenhouse forcing and for improv-
ing the long-term prognostic power of models. Our ﬁndings suggest that a good representation of the
AMOC is essential for accurately simulating ocean heat storage and transient warming. These conclusions
point to the value of measuring and studying AMOC properties as the circulation evolves under global
warming conditions.
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